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Event-triggered H∞ control for active seat
suspension systems based on relaxed conditions
for stability
Wenxing Li* Haiping Du* Donghong Ning* Weihua Li
Shuaishuai Sun Jumei Wei§
Abstract
An event-triggered H∞ controller is designed for an active seat suspension in this paper,
where the continuous event-trigger scheme is applied to transfer the dynamic system states to
the controller only at event-triggered time instants. Delay-dependent stability criteria in the
form of linear matrix inequality (LMI) are presented to guarantee the asymptotic stability of the
seat suspension system. One Lyapunov function is chosen where some matrices are introduced
with relaxed conditions. Two tight inequalities are applied to prove the positive definiteness of
the Lyapunov function and stability of the system, which reduces the conservatism of the system
for the time delay to the controller. The proposed control method can reduce the workload of
data transmission of the seat suspension system and work as a filter to remove the effect of
noise, so it can decrease the precision requirement of the actuator, which can help to reduce the
cost of the seat suspension. Both simulation and experimental results are presented to show the
effectiveness of the proposed control method.
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Introduction

Suspension systems are important parts of vehicles, which can help to isolate vibrations transferred
from rough road surfaces to protect vehicle devices, cargos, drivers and passengers [1]. Drivers of
some heavy vehicles (such as trucks, buses, some industrial and agricultural vehicles) suffer more
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from vibrations than small light vehicle drivers, because of large vehicle masses, special working
operations or harsh working conditions [2]. Vehicle suspensions are not sufficient enough to reduce
vibrations for these heavy vehicle drivers, so seat suspensions draw a lot of researchers’ attention
to help heavy vehicle drivers improve their driving comfort and health [3]. Among the three main
types of seat suspensions (passive, semi-active, active seat suspensions), the active seat suspensions
generally have the best control performance to reduce the drivers’ vibrations, so many research results
have come out during the past years. Control strategies are the main research objectives for active
seat suspensions and many control methods have been taken into consideration, such as H∞ control
[4, 5], adaptive control [6, 7], sliding mode control [8, 9], neural network [10], fuzzy control [11, 12],
etc.
Most of those control methods need continuous dynamic system states, but it is impossible to
update controllers continuously in practice [13, 14]. Usually, some sensors and computers are used
to acquire and process data for the practical control plant [15]. The resolution of the sensors and
computers determines the control performance of the control system. The higher the resolution
is, the closer the practical control performance will be to the theoretical one. However, the high
resolution also needs fast data transmission and controller updating speed, which costs a lot of CPU.
Additionally, not all of the acquired dynamic data are useful for controllers. To solve this problem,
some trigger mechanisms are used to send just part of the measured data. The simplest method is
a periodic trigger, but it sends measured data even when the changes of system state values are too
small to change the controller signal significantly [16]. To avoid these “redundant” packets, the event
trigger is adopted where the control signal only renews when an event is triggered [17, 18]. Therefore,
the event-triggered control can reduce processor, transmission load and resource utilization, which is
closer to the way a human behaves like a controller [19].
The event trigger scheme has been combined with many control methods used in many fields, such
as event-triggered sliding mode control for stochastic systems [20], multi-area power systems [21],
linear time-invariant systems [22], event-triggered H∞ control for network control systems [23, 24].
The distributed observer-based event-triggered bipartite tracking control problem is investigated for
stochastic nonlinear multi-agent systems with input saturation in [25]. The event-triggered control problem is investigated for stochastic nonlinear systems with unmeasured states and unknown
backlash-like hysteresis based on fuzzy logic systems in [26]. In [27], an event-triggered and distributed H∞ filtering is proposed for a cloud-aided active semi-vehicle suspension system, where the
controller is built in the cloud. It is noted that most of the event-triggered control scheme is applied
to network control systems to reduce the network transmission burden and hence communication
broadband requirement. Although the event-triggered scheme has shown many advantages, the issue
about how to use an event-triggered scheme to control the seat suspension system has not been
explored in literature, which motivates us to design an event-triggered controller for seat suspension
systems. However, the event-triggered control certainly introduces the time-delay problem for the
controller because the value of the control input only updates when the defined event trigger happens. Hence, the continuous event-triggered scheme is chosen to be combined with an H∞ controller
to control the active seat suspension system in this paper, which can both reduce the workload of
data transmission and improve the robustness of the seat suspension system.
2

The time delay is an important issue for the event-triggered H∞ control of the seat suspension
system because the value of the control signal remains the same between two event-triggered time
instants. To reduce the conservatism of the controlled system, a Lyapunov function is presented
where some matrices are introduced with relaxed conditions. An inequality in [28] is used as a
lemma to prove the positive definiteness of the proposed Lyapunov function. Another inequality in
[29] is applied to calculate the stability criteria for the controlled system.
The main contributions of this paper are listed as follows:
 The event-triggered H∞ control is first presented for active seat suspension systems. The
continuous event-triggered scheme is applied here to reduce the data processor and transmission
load. Both theoretical analysis and experimental tests for the seat suspension system with the
event-triggered H∞ controller are shown in this paper.
 The event-triggered scheme makes the value of the controller only change when the defined
event triggers, so it also works as a filter to remove noise caused by the measurement of sensors.
Therefore, it can reduce the resolution requirement of the actuator to reduce the cost of seat
suspensions. This makes a good trade-off between the control performance and other system
aspects (such as processor load, communication load, and system cost price).
 Two tight inequalities are applied in this paper to prove the positive definiteness of the proposed
Lyapunov function and to obtain the stability criteria for the controlled seat suspension system,
which helps to reduce the conservatism of the controlled system to the time delay of the input
force.

The rest of this paper is organized as follows. Section 2 gives a seat suspension model and the continuous event-triggered scheme. Section 3 introduces two lemmas and two theorems which guarantees
the stability of the controlled seat suspension system. Section 4 shows some simulation results of
the proposed controller with bump, sinusoidal and random vibration responses. Section 5 gives some
experimental evaluation results. Section 6 concludes this paper.
Notation: I stands for the identity matrix of appropriate dimensions. ∗ represents the symmetric
index in a symmetric matrix, sym(A) = A + AT and diag{...} denotes the diagonal matrix.
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Seat suspension model and event-triggered scheme

An active vehicle seat suspension model is shown in Figure 1 and the dynamic equation of the seat
suspension system can be written as follows:
mz̈s (t) + c(żs (t) − żv (t)) + k(zs (t) − zv (t)) = u(t)

(1)

where m is the sprung mass including a driver and the seat; k and c are the stiffness and the damping
coefficient of the seat suspension, respectively; zs and zv are the displacements of the suspension upper
and base, respectively; żs and żv are the velocities of the suspension upper and base, respectively; u
is the control input.
3

Figure 1: Active seat suspension model

Define the state variables as follows:
x1 = zs − zv , x2 = żs
where x1 represents the suspension deflection, x2 is the sprung mass speed. z̈s is chosen as the
performance output because the body acceleration is closely related to the ride comfort. Define the
disturbance input ω(t) = żv (t) and x = [ x1 x2 ]T , so the state-space equation of the seat suspension
system can be written as:
ẋ(t) = Ax(t) + Bu(t) + Eω(t),
z(t) = Cx(t) + Du(t) + F ω(t),

(2)

where
"
A=

0
1
k
−m
− mc

#

"
,B =

0
1
m

#

"
,E =

−1
c
m

#
,

1
c
,F = .
m
m
Assume that the seat suspension system states are sampled and transmitted at time instants t0 ,
t1 , · · · , tk , tk+1 , · · · , k ∈ N. The continuous event-triggered scheme is designed as
n
h
i
o
T
T
¯
tk+1 = min min t ≥ tk | (x(t) − x(tk )) Ω (x(t) − x(tk )) ≥ δx (t)Ωx(t) , (tk + d)
(3)
C=

h

k
−m
− mc

i

,D =

¯
where Ω > 0, 0 < δ < 1 and d¯ > 0 is set as the maximum state delay, so we have tk+1 − tk ≤ d.
Figure 2 shows the working diagram of the active seat suspension system with the event-triggered
H∞ controller. Some sensors measure system state values in real-time. Then the event detector
estimates whether the event should be triggered or not. A register is used to store the event-triggered
state values and transfer to the H∞ controller.
The control main objective of the H∞ controller is to reduce the driver’s acceleration to improve
the driving comfort. This H∞ controller uses the event-triggered system state values, so the H∞
controller is in the form of
u(t) = Kx(tk )
(4)
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Figure 2: Diagram of the active seat suspension system with the event-triggered H∞ controller

Substituting the controller (4) into system (2), we can get the controlled system as
ẋ(t) = Ax(t) + BKx(t − d(t)) + Eω(t),
z(t) = Cx(t) + DKx(t − d(t)) + F ω(t),

(5)

¯ and d¯ is the maximum time delay of the
where d(t) = t − tk , t ∈ [tk , tk+1 ), k ∈ N, 0 ≤ d(t) ≤ d,
controller.
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Event-triggered H∞ controller design

In this section, the event-triggered H∞ controller for the active seat suspension system is designed.
Firstly, two lemmas are given from [28] and [29], which provide tight equalities to deal with the
time-delay problem of the controller.
Lemma 1 [28] Let x ∈ Rn be a continuous function and admit a continuous derivative differentiable
function: [α, β] → Rn . For symmetric matrices R ∈ Rn×n and Z1 ∈ R2n×2n , and any matrix
Z2 ∈ R2n×n satisfying
"
#
Z1 Z2
≥ 0,
∗ R
the following inequality holds:
Z

β

−

xT (t)Rx(t) ≤ $1T (α, β)Ψ1 $1 (α, β),

α

where
h R
β

1
β−α

xT (s)ds

RβRβ

xT (s)dsdv
α
α v
n
o
(β − α)
Ψ1 =
Z1 + sym Z2 [ −I 2I ] .
3

$1 (α, β) =

5

iT

,

Lemma 2 [29] Let x be a differentiable function: [α, β] → Rn . For symmetric matrices R ∈ Rn×n
and Z1 , Z3 ∈ R3n×3n , and any matrices Z2 ∈ R3n×3n and N1 , N2 ∈ R3n×n satisfying


Z1 Z2 N1


 ∗ Z3 N2  ≥ 0,
∗ ∗ R
the following inequality holds:
Z

β

−

ẋT (t)Rẋ(t) ≤ $2T (α, β)Ψ2 $2 (α, β),

α

where
iT
Rβ T
1
,
xT (β) xT (α) β−α
x
(s)ds
α


n
o
1
Ψ2 =(β − α) Z1 + Z3 + sym N1 [ I −I 0 ] + N2 [ −I −I 2I ] .
3

$2 (α, β) =

h

¯ δ, and αi (i = 1, 2, 3), the closed-loop system (5), under
Theorem 1 For given positive scalars d,
event-triggered scheme (3) and feedback controller (4), is asymptotically stable with H∞ performance
index γ, if there exist positive definite matrices Q ∈ R6×6 , R ∈ R2×2 , symmetric matrices P ∈ R8×8 ,
G ∈ R12×12 , Zi ∈ R6×6 , (i = 1, 2), Ω ∈ R2×2 , and any matrices Y ∈ R6×6 , Ni ∈ R6×2 , (i = 1, 2),
H ∈ R12×6 , U ∈ R2×2 , satisfying the following inequalities:
Σ ≥ 0,
#
G H
≥ 0,
∗ Q


Z1 Y N1


 ∗ Z2 N2  ≥ 0,
∗ ∗ R

(6)

Ψ ≤ 0,

(9)

"

"
Θ=

Ψ Θ1
∗ Θ2

(8)

#
≤0

where
Σ =Π1 P ΠT1 − Σ1 ,

d¯
Σ1 = Π2 GΠT2 + sym Π2 HΠT3 ,
3h
i
¯4 ,
Π1 = l1 l2 l3 dl
h
i
¯ 4 l1 − l3 d(l
¯ 1 − l4 ) l5 l1 − l4 d¯l1 − l5 ,
Π2 = dl
2
h
i
¯ 4 l1 + l3 − 2l4 dl
¯ 4 − 2l5 ,
Π3 = 2l5 − dl
h
iT
li = 02×2(i−1) I2 02×2(5−i)
, i = 1, 2, · · · , 5,
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(7)

(10)


¯ 4 ReT + Φ + Ξ1 + Ξ2 ,
Ψ =sym Γ1 P ΓT2 + Γ3 QΓT3 − Γ4 QΓT4 + de
4




¯ 5 Z1 + 1 Z2 ΓT + sym Γ5 N1 (e1 − e2 )T + N2 (2e6 − e1 − e2 )T ,
Φ =dΓ
5
3
Ξ1 =(δ − 1)e1 ΩeT1 + sym(e1 ΩeT2 ) − e2 ΩeT2 ,

Ξ2 =sym (e1 AT + e2 K T B T − e4 )U (α1 eT1 + α2 eT2 + α3 eT4 ) ,
h
i
¯6 ,
Γ1 = e1 e2 e3 de
h
i
Γ2 = e4 e0 e5 e1 − e3 ,
h
i
Γ3 = e1 e4 e0 ,
h
i
Γ4 = e3 e5 e1 − e3 ,
h
i
Γ5 = e1 e3 e6 ,
h
iT
ei = 02×2(i−1) I2 02×2(6−i)
, i = 1, 2, · · · , 6, e0 = 012×2 ,
h
i
h
i
h
i
T
T
T
T
T
Θ1 =e1 U E + C F C
+ e2 U E 0 + e4 0 (DK)
,
"
#
−γ 2 I F T
Θ2 =
.
∗
−I
Proof. Firstly, to prove the asymptotic stability of the closed-loop system (5), we can assume
ω(t) = 0 and define the Lyapunov functional as follows:
V (t) = VP (t) + VQ (t) + VR (t)

(11)

where
VP (t) =η1T (t)P η1 (t),
Z t
VQ (t) =
η2T (v)Qη2 (v)dv,
t−d¯
Z 0Z t
VR (t) =
ẋT (s)Rẋ(s)dsdv,
−d¯ t+v

h

¯
xT (t) xT (t − d(t)) xT (t − d)
h
iT
Rt T
T
T
η2 (v) = x (v) ẋ (v) v ẋ (s)ds
,
η1 (t) =

Define a state vector as
h
¯
χ(t) = xT (t) xT (t − d(t)) xT (t − d)

Rt

x
t−d¯

R
1 t
xT (s)ds
¯
d t−d¯

t

η2T (v)Qη2 (v)dv ≥ − η3T (t)Λη3 (t),

t−d

7

(s)ds

R Rt
1 t
¯
d t−d¯ v

According to Lemma 1, we have
Z

T

iT

T

,

x (s)dsdv

iT

where
η3 (t) =

h R
t

x
t−d¯

T

¯ dx
¯ T (t) −
(s)ds xT (t) − xT (t − d)

R Rt
1 t
¯
d t−d¯ v

T

T

x (s)dsdv x (t) −
n h
io
d¯
Λ = G + sym H −I 2I
.
3

R
1 t
xT (s)ds
¯
d t−d¯

Rt

t−d¯

xT (s)ds

d¯ T
x (t)
2

−

R Rt
1 t
¯
d t−d¯ v

T

x (s)dsdv

iT

,

Thus, we can get
VQ (t) ≥ −χT (t)Σ1 χ(t),
so
VP (t) + VQ (t) ≥ χT (t)Σχ(t).
Based on (6) and R > 0, we have
V (t) = VP (t) + VQ (t) + VR (t) ≥ 0,
so the positive definiteness of V (t) is ensured.
Then, we need to get the derivative of V (t). Firstly, define another state vector as
iT
h
R
1 t
T
T
T
T
T
T
¯
¯
.
ξ(t) = x (t) x (t − d(t)) x (t − d) ẋ (t) ẋ (t − d) d¯ t−d¯ x (s)ds
When t ∈ [tk , tk+1 ), t − d(t) = tk is a constant, so ẋ(t − d(t)) = 0. Then, we can get

V̇P (t) =2η1T (t)P η̇1 (t) = ξ T (t) sym(Γ1 P ΓT2 ) ξ(t),
¯ 2 (t − d)
¯
V̇Q (t) =η T (t)Qη2 (t) − η T (t − d)Qη
2

T

2

(t)(Γ3 QΓT3

− Γ4 QΓT4 )ξ(t),
Z 0
T
V̇R (t) =d¯ẋ (t)Rẋ(t) −
ẋT (t + s)Rẋ(t + s)ds
=ξ

(12)

(13)
(14)

−d¯

According to Lemma 2, we have
Z
−

0

ẋT (t + s)Rẋ(t + s)ds ≤ ξ T (t)Φξ(t)

(15)

−d¯

Based on the event-triggered scheme (3), the following inequality holds:
δxT (t)Ωx(t) − eT (t)Ωe(t) ≥ 0

(16)

where e(t) = x(t) − x(tk ) for t ∈ [tk , tk+1 ).
Define an invertible matrix U with proper dimensions, and the following equality always holds:
2 (Ax(t) − ẋ(t) + BKx(t − d(t)))T U (α1 x(t) + α2 x(t − d(t)) + α3 ẋ(t)))

=ξ(t)T sym (e1 AT + e2 K T B T − e4 )U (α1 eT1 + α2 eT2 + α3 eT4 ) ξ(t) = 0

(17)

where αi (i = 1, 2, 3) are given scalars, which are used to modify the controller and event-triggered
matrix.
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In accordance with inequalities (12)-(17), we have the following inequality:
V̇ (t) ≤ ξ(t)T Ψξ(t) < 0

(18)

Therefore, when ω(t) ≡ 0, we have V̇ (t) < 0, which implies the closed-loop system (5) with ω(t) ≡ 0
is asymptotically stable.
When ω(t) 6= 0, we can define
J = ||z(t)||22 − γ 2 ||ω(t)||22 .

(19)

By inequality (18), under zero initial conditions, we have the following inequality:
J ≤||z(t)||22 − γ 2 ||ω(t)||22 + V (∞) − V (0)
Z ∞

=
z T (t)z(t) − γ 2 ω T (t)ω(t) + V̇ (t, x(t)) dt
Z0 ∞
ζ T (t)Θ0 ζ(t)dt
≤

(20)

0

where
h

¯ ẋT (t)
xT (t) xT (t − d(t)) xT (t − d)
iT
R
¯ 1¯ t ¯ xT (s)ds ω T (t)
,
ẋT (t − d)
d t−d
#
"
Θ011 Θ012
,
Θ0 =
∗ Θ022

ζ(t) =

Θ011 =Ψ + e1 C T CeT1 + sym(e1 C T DKeT2 ) + e2 (DK)T DKeT2 ,
Θ012 =e1 (U T E + C T F ) + e2 (DK)T F + e4 U T E,
Θ022 = − γ 2 I + F T F.
According to Schur complement, Θ0 < 0 is equivalent to the inequality (10), which indicates J < 0,
so the closed-loop seat suspension system (5) is stable with H∞ performance γ under the zero initial
condition. The proof of this theorem is completed.
The controller K cannot be solved through Theorem 1 by the LMI toolbox directly, because it
is coupled with another matrix invariable U in inequalities (9) and (10). Therefore, the following
theorem is introduced to solve this issue.
¯ δ, and αi (i = 1, 2, 3), the closed-loop system (5), under
Theorem 2 For given positive scalars d,
event-triggered scheme (3) and feedback controller (4), is asymptotically stable with H∞ performance
index γ, if there exist positive definite matrices Q̃ ∈ R6×6 , R̃ ∈ R2×2 , symmetric matrices P̃ ∈ R8×8 ,
G̃ ∈ R12×12 , Z̃i ∈ R6×6 , (i = 1, 2), Ω̃ ∈ R2×2 , and any matrices Ỹ ∈ R6×6 , Ñi ∈ R6×2 , (i = 1, 2),
H̃ ∈ R12×6 , Ũ ∈ R2×2 , and K̃ ∈ R1×2 , satisfying the following inequalities:

"

Σ̃ ≥ 0,
#
G̃ H̃
≥ 0,
∗ Q̃
9

(21)
(22)


Z̃1 Ỹ Ñ1


 ∗ Z̃2 Ñ2  ≥ 0,
∗ ∗ R̃

(23)

Ψ̃ ≤ 0,

(24)



"
Θ̃ =

Ψ̃ Θ̃1
∗ Θ2

#
≤0

(25)

where Πi (i = 1, 2, 3), li (i = 1, 2, ..., 5), Γi (i = 1, 2, ..., 5), ei (i = 1, 2, ..., 6), and Θ2 are consistent
with Theorem 1 and
Σ̃ =Π1 P̃ ΠT1 − Σ̃1 ,
n
o
d¯
T
T
Σ̃1 = Π2 G̃Π2 + sym Π2 H̃Π3 ,
3 n
o
¯ 4 R̃eT + Φ̃ + Ξ̃1 + Ξ̃2 ,
Ψ̃ =sym Γ1 P̃ ΓT2 + Γ3 Q̃ΓT3 − Γ4 Q̃ΓT4 + de
4


n

o
1
T
T
T
¯
Φ̃ =dΓ5 Z̃1 + Z̃2 Γ5 + sym Γ5 Ñ1 (e1 − e2 ) + Ñ2 (2e6 − e1 − e2 )
,
3
Ξ̃1 =(δ − 1)e1 Ω̃eT1 + sym(e1 Ω̃eT2 ) − e2 Ω̃eT2 ,
n
o
Ξ̃2 =sym (e1 Ũ T AT + e2 K̃ T B T − e4 Ũ T )(α1 eT1 + α2 eT2 + α3 eT4 ) ,
h
i
h
i
h
i
T
T
T
T
T
Θ̃1 =e1 E + Ũ C F Ũ C
+ e2 E 0 + e4 0 (DK̃)
.
Then, the controller and event-triggered matrix can be obtained as K = K̃ Ũ −1 and Ω = Ũ −T Ω̃Ũ −1 .
o
o
n
o
n
n
T
T
T
−1
T
T
T
T
Proof. Define Ũ = U , P̃ = diag Ũ , Ũ , Ũ , Ũ P diag Ũ , Ũ , Ũ , Ũ , Q̃ = diag Ũ , Ũ , Ũ
n
o
o
n
n
Qdiag Ũ , Ũ , Ũ , R̃ = Ũ T RŨ , Ω̃ = Ũ T ΩŨ , G̃ = diag Ũ T , Ũ T , Ũ T , Ũ T , Ũ T , Ũ T Gdiag Ũ , Ũ , Ũ ,
o
n
o
o
n
o
n
Ũ , Ũ , Ũ , H̃ = diag Ũ T , Ũ T , Ũ T , Ũ T , Ũ T , Ũ T Hdiag Ũ , Ũ , Ũ , Z̃i = diag Ũ T , Ũ T , Ũ T Zi diag
n
o
n
o
n
o
o
n
Ũ , Ũ , Ũ (i = 1, 2), Ỹ = diag Ũ T , Ũ T , Ũ T Y diag Ũ , Ũ , Ũ , Ñi = diag Ũ T , Ũ T , Ũ T Ni (i =
n
o
1, 2), K̃ = K Ũ . Pre- and post-multiplying (6), (7), (8), (9), (10) by diag Ũ T , Ũ T , Ũ T , Ũ T , Ũ T ,
n
o
n
o
n
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
diag Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , diag Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , Ũ , diag Ũ T , Ũ T , Ũ T ,
o
n
o
Ũ T , Ũ T , Ũ T , diag Ũ T , Ũ T , Ũ T , Ũ T , Ũ T , Ũ T , I, I , and their transpose matrices, respectively, we can
get inequalities (21), (22), (23), (24), (25). Then, we complete the proof of this theorem.

4

Simulation results

Some simulation results of the event-triggered controller for the active seat suspension system are
shown in this section. The bump, sinusoidal and random vibration responses are considered. The
parameters of the active seat suspension system and the controller are shown in Table 1. αi (i =
1, 2, 3) are the weights of the system states, which influence the results of the controller and the
event-triggered matrix. The values of αi selected by both considering the stability and control
performance of the system (5) through simulation. Based on the LMI toolbox of MATLAB, we can
10

get the H∞ controller K and the
matrix Ω by solving the inequalities in Theorem 2
" event-triggered
#
2550 50
as K = [2066 − 24.5] and Ω =
.
50 70
Table 1. The active seat suspension system parameters and some given scalars
m(kg) k(N/m) c(Ns/m) d¯
δ
α1 α2 α3
80
4600
300
0.5 0.2 0.1 1 30

4.1

Bump vibration response

A bump vibration is one common road excitation, which is often chosen to evaluate the vibration
control performance for the seat suspension system in the time domain. A bumpy road surface is
chosen as:


 
 a 1 − cos 2πv0 t
, 0 ≤ t ≤ vl0
2
l
(26)
zv (t) =

l
0,
t > v0
where a = 0.07 m and l = 0.8 m are the height and length of the bump [30]; v0 = 2.77 m/s is the
vehicle forward velocity.

Figure 3: The deflection and acceleration comparison for the seat suspension system with a bump
road disturbance
This bump road vibration will transfer to the vehicle suspension first and then to the seat suspension. The parameters of one quarter-truck suspension model in [31] are used here to reduce the bump
disturbance at first and the output will be considered as the input disturbance of the seat suspension.
To show the advantages of the event-triggered H∞ controller, we add a conventional H∞ controller
with the same controller matrix K without time delay to compare with the proposed controller.
Figure 3 shows the deflection and acceleration responses comparison of the seat suspension among
the controlled seat suspension systems with the event-triggered H∞ controller (red solid curve) and
the conventional H∞ controller (blue dashed curve) and the uncontrolled seat suspension system
(green dotted curve) with a bump road disturbance. These two figures imply that the deflections
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Figure 4: The output of the controllers, the release instants and release intervals of the seat suspension
system with a bump road disturbance
and accelerations are greatly reduced by both two controllers with just a small difference. Figure
4 shows the output of these two controllers, the release instants and release intervals with a bump
road disturbance, where we can see that only some part of the system state signals is transferred to
the controller by the event-trigger scheme. Compared with the output values of the two controllers,
the output force signal of the event-triggered H∞ controller does not change continuously, but only
changes at the event-triggered time constants. The maximum release interval in Figure 4 is around
0.12 seconds, and most release intervals are much larger than the default simulation resolution, 0.002
seconds, which can largely reduce the workload of data transmission.

4.2

Sinusoidal vibration response

Figure 5: The deflection and acceleration comparison for the seat suspension system with a sinusoidal
disturbance
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Figure 6: The output of the controllers, the release instants and release intervals of the seat suspension
system with a sinusoidal disturbance
Define zv = 0.02sin(1.4×2πt). The sinusoidal vibration control performance of the event-triggered
H∞ controller and the conventional H∞ controller for the seat suspension system are shown in Figure
5-6. Figure 5 shows the deflection and acceleration comparison of the seat suspension system, which
shows that the event-triggered H∞ controller and the conventional H∞ controller can both reduce the
amplitudes of the deflection and acceleration of the driver with just small differences with sinusoidal
vibration disturbance. Figure 6 shows the output of the controllers, the release instants and release
intervals of the seat suspension with sinusoidal vibration disturbance. Here we can see that only a
small part of the state values are transferred to the controller by the event-triggered scheme, so the
output value of the event-triggered H∞ controller only changes at the event-triggered time constants.
Most release intervals are much larger than the simulation resolution, so the event-triggered scheme
can greatly reduce the data transmission.

4.3

Random vibration response

To better simulate the real road surface, a random road profile is used to test the control performance
of the seat suspension system with the event-triggered H∞ controller and the conventional H∞
controller. Similar to the bump vibration response, the random road disturbance is firstly dealt with
the quarter-truck suspension in [31] and then transferred to the active vehicle seat suspension system.
Figure 7 shows that both the event-triggered H∞ controller and the conventional H∞ controller can
reduce the deflection and acceleration values of the driver. Figure 8 shows the output of the two
controllers, the release instants and release intervals of the seat suspension system with a random road
disturbance. The output force signal of both controllers is similar. Compared with the conventional
H∞ controller, the output value of the event-triggered H∞ controller does not change continuously,
but only changes at the event-triggered time constants. Similar to the responses of the bumpy road
and sinusoidal disturbances, the release intervals are much larger than the simulation resolution, so
the event-triggered scheme works very efficiently to reduce the workload of data transmission.
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Figure 7: The deflection and acceleration comparison for the seat suspension system with a random
road disturbance

Figure 8: The output of the controllers, the release instants and release intervals of the seat suspension
system with a random road disturbance

5

Experimental Evaluation

In this section, experimental results about the proposed control method for the active seat suspension
system are shown, which include the experimental setup, the comparison of the performance of
the seat suspension system with the proposed control method, the conventional H∞ controller and
uncontrolled system with several different vibration disturbances.

5.1

Experimental setup

The experimental setup of the active seat suspension is shown in Figure 9. A six-degrees-of-freedom
(6-DOF) vibration platform is used to generate the different kinds of vertical vibration excitation
according to different requirements, which is implemented by computer 1 with NI CompactRio 9076
14

to send movement signal. The active seat suspension and seat frame are fixed on the platform. A
NI CompactRio 9074 is used here to obtain real-time data and to implement the event-triggered
H∞ controller. The NI CompactRio 9074 working frequency is 500 Hz. The seat suspension deflection and absolute displacement are measured by two laser displacement sensors (Micro-Epsilon
ILD1302-100 and ILD1302-200, respectively). The absolute velocity of the seat suspension can be
obtained by differentiating the absolute displacement signal. The vertical seat acceleration and excitation acceleration are measured by two accelerometers (ADXL203EB), respectively. Two motors
are installed on both sides of the suspension system to provide symmetrical desired output control
force according to the calculated event-triggered control signal. Real-time measured data from four
sensors are transferred to computer 2.

Figure 9: The experimental setup

Figure 10: Schematic diagram of the event-trigger scheme in LabView

Then the event-triggered scheme estimates whether the real-time measured data should be transferred to the controller or not. Different with the event-triggered control of other papers, which
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often use zero-order-holder (ZOH) to keep the measured system state values between two triggered
time instants, we use shift registers on the while loop structure here to temporarily store the eventtriggered value. A case structure is used here to transfer the event-triggered data to the controller.
The shift registers and case structure of the LabView instruments make it easier to operate experimental tests. When the event-trigger scheme is triggered, the condition of the case structure is true
and the real-time measured data will be transferred to the controller. When the event-triggered
scheme is not triggered, the condition of the case structure is false and the shift register stored data
will be transferred to the controller. Therefore, it can be ensured that when t ∈ [tk , tk+1 ), k ∈ N,
the event-triggered signal keeps at x(tk ), so the controller can remain constant as u(tk ). The same
controller K and the event-triggered matrix Ω are used here as the above section. The operating
principle of the event-trigger scheme is shown in Figure 10.

5.2

Experimental results

In this subsection, several different types of vibrations (bump, sinusoidal, random vibrations) are
applied to test the performance of seat suspensions. To evaluate the ride comfort of seat suspension,
the seat acceleration is considered as the main factor of the experimental output signal.
5.2.1

Sinusoidal vibration

Figure 11: Experimental acceleration results of the seat suspension with a sinusoidal vibration and
the output of the controllers
The resonant frequency of the active seat suspension is around 1.4 Hz. To show good control performance of the proposed controller, a sinusoidal excitation is chosen as zv (t) = 0.02sin(1.4 × 2πt).
The acceleration performance of the active seat suspension with two controllers and the uncontrolled
seat suspension is shown in Figure 11. In the acceleration response figure, the left side is the performance of the uncontrolled seat suspension system. The acceleration of the seat becomes divergent
because of the resonant frequency. However, when the event-triggered H∞ controller or the conventional H∞ controller is applied on the right side, the acceleration of the seat reduces quickly and
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remains in a small limited area. The control performance of these two controllers is quite similar.
The output of the two controllers figure shows that the output value of the event-triggered H∞ controller only changes at event-triggered time constants while the output value of the conventional H∞
controller changes continuously. The average change frequency of the controller value is only 37.43
Hz (much smaller than the NI CompactRio frequency 500 Hz), so the event-trigger scheme can help
to reduce the data transmission and block the effect of noise.
5.2.2

Bump and random vibration

Figure 12: Experimental acceleration results of the seat suspension system with a bump vibration
and the output of the controllers
Bump and random vibrations are similar to the real-road profiles, so these two types of road
excitation are chosen to evaluate the seat suspension performance in the time domain. Similarly, as
the simulation section, a bump and random vibrations are first introduced into a quarter-car vehicle
suspension model with the parameter values in [32] and sprung mass displacement is used as the cab
floor vibration. The 6-DOF vibration platform can generate this excitation vibration for the seat
suspension system.
The bump road surface is used the same as the above section. And a random road surface [30] is
defined as
żv (t) + ρV zv (t) = V Wn
where ρ = 0.4 m−1 is the roughness parameter of the random road; V = 20 m/s is the forward vehicle
speed; Wn is white noise with intensity 2δ 2 ρV where δ 2 = 300 mm2 represents the covariance of the
random road irregularity.
Figure 12 shows the acceleration performance of the seat suspension system with a bump excitation
and the output of the two controllers. It is clear to see that both the two controllers can well reduce
the seat acceleration to improve the driving comfort with small differences. The output value of
the proposed controller only changes at the event-triggered time instants and the average change
frequency is 75 Hz during this bump excitation control which is far smaller than the NI CompactRio
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Figure 13: Experimental acceleration results of the seat suspension system with a random vibration
and the output of the controllers
working frequency. Therefore, the event-triggered scheme can reduce data transmission and works
as a filter to remove the influence of signal noise.
Figure 13 shows the acceleration performance of the seat suspension system with a random excitation and the output of the two controllers. From this figure, we can see that both the two controllers
have good control performance to reduce the seat acceleration, especially for the excitation around the
resonant frequency with small differences but the event-triggered H∞ controller value only changes
at event-triggered time instants. The average change frequency is only 52.19 Hz during this random
excitation control, which shows the filter effect of the event-trigger scheme. Therefore, the resolution
of the actuator does not need to have high-precision, which can help to reduce the cost of actuators
of seat suspensions.

6

Conclusion

This paper presents an event-triggered H∞ controller for active seat suspension systems. Delaydependent stability criteria are provided in LMI form to ensure the control system asymptotically
stable and H∞ control performance. Two tight inequalities are used to reduce the conservatism of
the system to time delay. The proposed controller can reduce the workload of data transmission
and remove the effect of noise as a filter. Both simulation and experimental results show the good
performance of the proposed controller to balance the control performance and other system aspects
(data communication load, processor load, and system cost). The future work will consider the
event-triggered control for seat suspensions with multiple degrees of freedom.
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